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Zu¨rich, Zu¨rich, Switzerland; and §Chemical Engineering Department, University of Pittsburgh, Pittsburgh, PennsylvaniaABSTRACT Inspired by molecular mechanisms that cells exploit to sense mechanical forces and convert them into biochem-
ical signals, chemists dream of designing mechanochemical switches integrated into materials. Using the adhesion protein
fibronectin, whose multiple repeats essentially display distinct molecular recognition motifs, we derived a computational model
to explain how minimalistic designs of repeats translate into the mechanical characteristics of their fibrillar assemblies. The
hierarchy of repeat-unfolding within fibrils is controlled not only by their relative mechanical stabilities, as found for single mole-
cules, but also by the strength of cryptic interactions between adjacent molecules that become activated by stretching. The
force-induced exposure of cryptic sites furthermore regulates the nonlinearity of stress-strain curves, the strain at which such
fibers break, and the refolding kinetics and fraction of misfolded repeats. Gaining such computational insights at the mesoscale
is important because translating protein-based concepts into novel polymer designs has proven difficult.INTRODUCTIONOnly a few attempts have been made so far to design poly-
meric materials with integrated mechanochemical switches
(1–4). Recently, various structural motifs have been
described for intra- and extracellular proteins, explaining
how their stretching might switch the display of binding
sites that can thus be either activated or destroyed by tensile
forces (5–8). So-called cryptic binding sites that become
exposed upon mechanical unfolding include phosphoryla-
tion sites (9), hydrophobic residues (10), amphipathic
helices (11,12), cysteines (13–15), enzymatic cleavage sites
(16), and activators of enzymatic activity (17). Alterna-
tively, multidomain binding motifs, which are destroyed
by stretching the domain-domain distance, can also exist
(18). All of the aforementioned mechanoregulated intra-
and extracellular systems can be switched by cell traction
forces or by external forces acting on extended force-
bearing protein networks in which such switches are
embedded.
Assembly into fibrillar networks is common to most
extracellular matrix (ECM) proteins, and the multidomain
protein fibronectin (Fn) is one of the most extensively
studied mechanoregulated ECM proteins (7,19). Fn is
a high-molecular-mass (440 kDa) ECM glycoprotein that
plays a major role in regulating cell adhesion, migration,
and diverse tissue functions, including wound healing and
embryonic development (19). Fn is composed of  30
repeats, each 50–100 amino acids long and rich in b-sheet
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0006-3495/12/11/1909/10 $2.00repeats contain cryptic binding sites, some of which regulate
Fn fibrillogenesis (7,8,19,20) and others of which, such as
the binding sites for the bacterial adhesins, are destroyed
upon stretching (18). Atomistic computational techniques,
mainly steered molecular dynamics, played a central role
in deciphering the structural events by which single repeats
are mechanically unfolded (21,22). In particular, it was
revealed that clusters of several force-bearing, backbone
hydrogen bonds must break simultaneously to pass the
major energy barrier of the conformational switch (7,20).
Yet it remains unknown how the design of a multimodular
Fn molecule enables its multiple mechanoregulated func-
tions, nor is it understood how its structure also ensures
that the Fn fibrils can reversibly relax upon stretching
(14,23).
To learn how the design of repeats and their structural
arrangement within fibers, and the presence of noncryptic
and cryptic Fn-Fn interactions regulate the mesoscopic
mechanical characteristics of Fn fibers, novel coarse-grained
computational approaches are needed. Deriving minimalis-
tic design features that are simple enough to be converted
into the synthetic world would be greatly facilitated by
a coarse-grained model that mimics basic yet general
features of a mechanoresponsive protein. Previously, coars-
ening of multimodular proteins was done by defining each
module as a single repeat connected to its neighbor by
a two-state, double-well bond potential (24–26). Such
approaches have significantly extended the size limit to
handle large fibers, but are too simplistic to handle cryptic
sites without introducing numerical singularities.
Here we present an intermediate mesoscopic model that is
able to simulate large systems while keeping track of the
essential nanostructural features (Fig. 1). Our approach is
specifically designed to capture all of the essentialhttp://dx.doi.org/10.1016/j.bpj.2012.09.028
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FIGURE 1 Coarse-grained model of native Fn
complexes and a single chain. (a) Structure of
the FnIII7 module (Protein Data Bank entry code
1FNF), in which the force-bearing hydrogen bonds
between the green (F) and blue (G) b-strands are
shown in red (60), and the C- and N-terminals
are marked with black spheres. Our coarse-grained
representation consists of six surface sites (black
spheres) and one cryptic site (red sphere) con-
nected by permanent backbone bonds (thick black
lines) and labile bonds (thin lines) and their clus-
ters (color-coded for the value of N as in panel
d). The unfolded state, obtained when all labile
bonds ruptured, exposes the cryptic site. (b) Force
versus extension at constant velocity for repeats of
varying strength N. (c) Maximal tensile force
before the secondary structure starts to unravel
by pulling the repeat across an energy barrier, as
a function of the bond strength N. Inset: The acti-
vation force of repeat N ¼ 5 as a function of the
pulling velocity. (d) Force versus extension for
the model Fn chain, built by linearly connecting
10 repeats of different bearing strengths
(N ¼ 2;.; 11) as shown in the inset, compared
with the experimental (28) force-extension curve
of native Fn.
1910 Peleg et al.mechanical features of multimodular Fn while permitting
a microscopic exploration of the minimal features a simpli-
fied system must have to mimic the central properties of me-
chanoresponsive fibrils. First, the repeat unfolding trajectory
under tensile force is characterized by a single dominant
force peak that is associated with the breakage of a cluster
of bonds. Second, the repeats can reversibly refold when
relaxed. Finally, the contour length of the chain is increased
when the repeat is opened. To simulate the behavior that is
associated with fibrillogenesis (7), the repeat is designed
here to expose upon opening a cryptic site that can specifi-
cally bind to neighboring chains. In the folded configuration,
our bead-spring module is thus composed of seven sites that
are hexagonally arranged along a permanent Z-shaped back-
bone. The latter is maintained by six labile bonds to formBiophysical Journal 103(9) 1909–1918a shielding shell around the central cryptic site. The labile
bonds are linear springs that are allowed to break and reform
(see Materials and Methods section). Four of these are struc-
tural bonds (thin black lines in Fig. 1 a) between the cryptic
site and the surrounding shell, and two of them mimic force-
bearing clusters of bonds (colored lines in Fig. 1 a). These
two force-bearing bonds are each made of a cluster of N
parallel labile bonds that are used to tune the relative
mechanical stability of the repeats, a feature typically found
in multidomain proteins that have mechanical functions
(7,8,22,27–29). N is conveniently the only parameter we
vary to control the activation barrier of the otherwise iden-
tical model repeats. The methods we used to compute the
motion of sites, kinetics of rupture, and rebinding of all
labile bonds are described next.
Fibers with Integrated Mechanochemical Switches 1911MATERIALS AND METHODS
The repeat’s backbone (Fig. 1) is formed by repulsive Lennard-Jones sites
that are linearly and permanently connected by two kinds of attractive
(either weakly or strongly) finitely extendable nonlinear elastic (FENE
(30,31)) springs. The FENE model allows us to adjust the contour length
of the repeat in its unfolded conformation. A molecular chain is modeled
as a linearly connected sequence of n repeats along the same backbone
(see inset of Fig. 1 d), and a fiber is built as an assembly of m chains
held together by interchain interactions (Fig. 2). The FENE force law is
given by FðrÞ ¼ kðr  aÞ=ð1 ½r  a2=d2Þ for bond length rRa, where
d denotes the maximum bond stretch, k is the spring coefficient, and
a ¼ 1:3nm is a rest length maintained by the repulsive interaction. Both
parameters d and k depend on the kind of bond: permanent bonds connect-
ing the cryptic site (Fig. 1) to its neighbors are long and weak, with corre-
sponding parameters dw ¼ 10:4nm and kw ¼ 0:9pN=nm, whereas the rest
of the backbone bonds are short and strong, with ds ¼ 1:8nm and
ks ¼ 220 kw. The labile bonds (inter- and intrachain interactions) are
formed by linear springs, with force law FðrÞ ¼ kðr  aÞ (where
k ¼ 17:7pN=nm), that have a force-dependent breaking and reforming
rate (see below).
The motion of the sites is calculated via a simple hybrid Brownian
dynamics-Monte Carlo simulation (30). The trajectory follows a conven-
tional overdamped Langevin equation. Thus, the streaming velocity
of a site is taken to be proportional to the net force acting on it. The
discretized Langevin equation indeed gives the site’s velocity
_r ¼ mFþ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2kBTm=Dt
p
W, where m is the mobility, kB is the Boltzmann
constant, T is the temperature, Dt is the time step, F is the total force actinga
b
e f
FIGURE 2 Repeat unfolding statistics for various designs of fiber models bui
extended fiber made of ordered chains without cryptic sites but moderate surfac
a random fiber. (c) Extensional test for a random fiber with weak surface bonds
cryptic interchain bonds composed of Nc ¼ 50[ Nmax. Fully animated sequen
the repeat N ¼ 8 as a function of the strain during the extension test. The top gra
are ordered or random on the chain. The bottom graph is obtained by trackin
interacting with each other. The effect of these interactions is to increase the SD
the irregularity in the repeat unfolding sequences. (f) SD of the unfolding proba
dashed line gives the threshold above which the sequence of unfolding events dev
obtained from 75 runs. See the Supporting Material for additional data.on the site, andW is a zero-mean random white noise vector with unit vari-
ance. During deformations of chains and fibers, designated chain ends are
enforced to move at constant speed n in the direction of extension, while
all remaining components remain unconstrained. The kinetics of rupture
and rebinding of all labile bonds under load is controlled by the hierarchical
Bell model (24,29), which offers an approximate (32,33) relationship
between bond dissociation/association rate and force. Accordingly, the state
of the labile bonds is tested stochastically at each time step.
We set the values of model parameters such that the mechanical behav-
iors of native FnIII segments and their chains are reproduced (Fig. 1 d).
Notably, we also ensure that the isolated repeat is stable in its folded config-
uration. Further implementation details and a complete list of simulation
parameters and their values are given in the Supporting Material.RESULTS AND DISCUSSION
Single repeats
We first assess the mechanical response of a single repeat
under tensile deformation by moving the terminal ends apart
with a constant velocity n (insets of Fig. 1 b). With
increasing deformation, the pulling force increases almost
linearly with the extension until the two force-bearing clus-
ters of N labile bonds break almost simultaneously, giving
rise to a single peak, which we will call the activation
peak, in the force-extension response curve (Fig. 1 b). Afterc
d
lt with m ¼ 7 chains of n ¼ 6 repeats with Nmax ¼ 11. (a) Snapshots of the
e interchain interactions, Ns ¼ 10zNmax. (b) The same as panel a but with
(Ns ¼ 1) and without cryptic sites. (d) The same as panel c but with strong
ces for a–d are shown in Movie S1. (e) Probability distribution of unfolding
ph is for an isolated chain, and is essentially unchanged whether the repeats
g the status of the repeat N ¼ 8 within a fiber of random chains strongly
of the distribution (while keeping the mean unchanged), which quantifies
bility for various N values and different fiber designs (a–d). The horizontal
iates from the mechanical hierarchy of the individual repeats. Statistics were
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1912 Peleg et al.this predominant energy barrier is passed, unfolded repeats
follow the known nonlinear regime at further extensions.
The cooperative breakage of the two force-bearing bonds
comes from their symmetric placement in our model.
Indeed, the latter ensures that they both support the same
force until one of them breaks, subsequently leaving the
other to break immediately under a force it cannot bear
alone. This feature is essential because the b-sheet-forming
FnIII modules (and similarly the titin’s immunoglobulin
domains) contain a single cluster of force-bearing backbone
hydrogen bonds that break simultaneously for the major
energy barrier to be passed. Our single repeats thus mimic
well the unfolding behavior of many b-sandwich protein
domains (5,8,21,27,28,34). The amplitude of the activation
peak depends linearly on N and logarithmically on n
(Fig. 1 c). The linear dependency on N is natural, because
the force is evenly shared by each of the N bonds that
form the bearing cluster. Logarithmic corrections to the
linear behavior caused by the assumption that molecular
damping also scales with N were discussed previously
(35). The logarithmic dependency on n is a result of the
Bell model and approximately conforms with experimental
observations (36,37). However, it should be noted that
a number of previous studies were aimed at improving or
testing the microscopic foundation, suitability, and range
of applicability of the Bell model (32,33,38–41).Single chain of repeats
Because the mechanical stabilities of different FnIII repeats
can vary significantly (27,28), we design our model of
a linear Fn chain by connecting lined-up repeats with
different mechanical stabilities, here represented by the
multiplicity N of their force-bearing cluster of bonds.
These bonds are color-coded according to their value of N
(Fig. 1 d). When we extend the multirepeat, single-chain
model, we observe a sequence of force peaks similar to
those seen for real multidomain proteins (28,42). In partic-
ular, using the model segment shown in the inset of Fig. 1 d,
which is composed of n ¼ 10 repeats of 10 different stabil-
ities N between Nmax  nþ 1 ¼ 2 and Nmax ¼ 11, we can
reproduce the experimental data for a native Fn mimetic
chain with 10 domains. Notably, we find that the single
chain can be stretched reversibly up to 800% (Fig. 1). It
has been observed for single, multidomain proteins that
the weakest modules break first, independently of their posi-
tion within a single chain. We thus also randomized the rela-
tive positions of mechanically weak (low N) and strong
(high N) repeats within our single-molecule and -fiber simu-
lations. We find that for both cases—ordered (i.e., with the
repeats arranged in order of their force-bearing strength N)
and random (with the repeats randomly placed in the
fiber)—the chain opens up at the weakest repeat first
(smaller N), followed by the next folded weakest module,
and so on. We refer to this important feature of the isolatedBiophysical Journal 103(9) 1909–1918chain as sequential unfolding, which is dictated for single
molecules by the mechanical hierarchy of the repeats.Single fiber of chains of repeats
Remarkably, nothing is known about the sequence in which
repeats unfold when embedded in fibrillar assemblies. Once
multidomain proteins are assembled into fibers or materials,
collective phenomena resulting from lateral repeat-repeat
interactions have to be considered. Moreover, no periodicity
has ever been detected in the ultrastructure of Fn fibers, and
the repeats do not seem to be arranged according to their
mechanical stabilities. We thus asked how the ordering or
randomness with respect to their positions within the fiber
might affect the mechanical stability of a fiber and its refold-
ing kinetics. To investigate all of these potential effects, we
assembled single chains of repeats into multimeric fibers of
m chains stacked in parallel to each other. The interchain
interaction that holds the fiber together is composed of
either noncryptic interactions between sites located on the
surface of a repeat, which can form labile surface bonds
with bearing strength Ns (or Ns clusters), or by cryptic Nc
clusters of labile bonds generated from exposed cryptic
sites. The latter are enabled once the corresponding repeat
unfolds. For both types of interchain bonds, we use the
same force law as for the intramodule structural bonds.
The noncryptic surface bonds are active as long as the repeat
is folded; otherwise, they are forbidden and cryptic interac-
tion is allowed. In this way, we ensure that the fiber integrity
is dominated by cryptic sites at large extensions (14). The
fibers are then defined as ordered if all of the chains have
their repeats ordered according to their mechanical stability,
and random for an assembly of chains with disordered
repeats, whereas all chains in a fiber contain the same set
of repeats. Furthermore, we consider two conditions, called
slip and nonslip conditions, in which neighboring chains can
or cannot, respectively, slide past each other. Slip conditions
ultimately allow for fiber rupture.
Under nonslip conditions, all terminal chain ends on both
sides of the fibril are pulled apart from each other, as shown
in Fig. 2. With increasing extension, cryptic sites become
exposed and can form stabilizing interactions to neigh-
boring molecules. In ordered fibers, the weakest repeats
break first, which creates segments of entirely unfolded
chains next to segments with still folded repeats (Fig. 2 a).
In contrast, initiation sites where repeats start to unfold are
randomly distributed over the whole length of the random
fibers, such that regions of unfolded repeats closely coexist
with regions of still folded repeats (Fig. 2, b–d). Because
interchain and cryptic interactions enable correlated inter-
chain behavior, we next asked whether the sequence in
which the repeats unfold is solely determined by their rela-
tive mechanical stability in the fibers. An analysis of the
probability of unfolding a repeat as a function of the strain
e ¼ L=L0  1, relative to the resting length L0, reveals that
Fibers with Integrated Mechanochemical Switches 1913if the cryptic and surface interchain interactions are suffi-
ciently weak, the mechanical stability N of a repeat indeed
dictates the strain at which it unfolds (Fig. 2 f, open circles
connected with thin lines), similarly to the sequential un-
folding of a single chain. In fibers of strongly interacting
chains, the standard deviation (SD) observed in the
sequence of unfolding is large enough to allow for devia-
tions from the sequential unfolding according to the
mechanical hierarchy. Most significantly, the sequence of
hierarchical unfolding is even more degraded when the
strength of cryptic interactions is tuned up from Nc ¼ 0 to
Nc ¼ 50. This loss of hierarchy in the repeats’ activation
has in fact been implicated experimentally: the cryptic sites
on modules FnIII7 and FnIII15 are exposed continuously in
a fiber with increasing strain (14), and not with two bursts
at two discrete strains. Yet, it was not known from the exper-
imental literature that this behavior is enabled by the
random arrangement of mechanically weak and strong
repeats within Fn fibers, and scales with the number of non-
cryptic and cryptic interchain interactions. Our simulations
further reveal that the sequential unfolding is further depre-
ciated with increasing repeat strength, because the SD in the
sequence of unfolding accumulates to the later stages, when
stronger repeats open (see Supporting Material).
In a second set of fiber simulations, we enabled molecular
slippage (and fiber breakage) by pulling only on the ends of
an interlaced half of the chains while holding the opposite
ends of the other half fixed (see snapshots in Fig. 3 a).
Here, the fiber is thus allowed to extend not only by unfold-
ing of its repeats but also through chain slippage. The initial
events that occur for small fiber extensions are similar in
principle to those described above for nonslip conditions,
particularly concerning the changes with ordered or random
chains and with cryptic or noncryptic interchain interactions
(Figs. 2, a–d, and 3, a and b). However, we can also deter-
mine how these parameters regulate the fiber behavior at
large extensions. The resulting stress-strain response of
the fiber is shown in Fig. 3 c for moderate surface interchain
interactions, Ns ¼ 15, and various cryptic bearing strengths.
This intermediate value of Ns is chosen to avoid the fol-
lowing two extreme scenarios. If we would have taken
Ns  15, the chains would slide against each other and
most of the repeats would remain folded during the breakage
of the fiber. If wewould haven chosenNs[15, the role of the
cryptic sites would be hidden. With Ns ¼ 15, sliding is
reduced and activated cryptic bonds are stretched. The stress
s is determined using F ¼ A0s, the measured force to stretch
a fiber with an effective cross-sectional area A0. We deter-
mined this coarse-graining parameter, A0 ¼ 560nm2, by
using the experimental curve shown in Fig. 3 c. Note that
this value of A0 coincides with the area ðmd0Þ2 for
d0z1:65a ¼ 2:15 nm, the effective diameter of a single
repeat. The resulting stress-strain curves exhibit at lower
strain, e< 400%, a nonlinear elastic regime that is indepen-
dent of the cryptic bond strength Nc. In this regime, theapparent successive force peaks reflect the chain’s intrinsic
behavior and the ideal boundary conditions we used. They
would smooth out for realistic fibers that are made with
a larger number of molecules. At further extensions, the
fibers with weaker or no cryptic bonds show more slippage
and are the ones that break first. Yielding occurs at higher
strain for higher Nc. In particular, cryptic fibers with
Nc ¼ 65 exhibit a maximum strain of 800%, a value very
similar to that found in real Fn fibers (14), below which the
fiber remains intact. For this value of Nc, significant hard-
ening of the material can be observed when 400% <e<
800%, before yielding. This originates from the intrinsic
nonlinear behavior of the extended chains (see Fig. 1 d at
extensions L>270 nm) and from the increasing number of
stiff cryptic bonds at large extensions. Nonlinear strain hard-
ening is indeed observed on actual Fn fibers under tensile
tests (14), as reported here in Fig. 3 c (black line).Refolding and misfolding of repeats, chains,
and fibers
Refolding is an essential feature of most molecules, assem-
blies, and molecular fibers that perform mechanical func-
tions in cells and tissues (14,43,44). Single-molecule force
spectroscopy revealed that a large fraction of repeats can
refold into their original secondary structure (45), and
many biological fibers can readily contract to the original
contour length and regain their mechanical characteristics
once the tension is released (14,46–48). For our single iso-
lated module, we see that a short-lived intermediate is
formed first, followed by a transient bifurcation of refolding
pathways. Proper refolding leads to the original Z-shaped
repeat with two bearing bonds, and misfolding or transient
misfolding results in an alternate secondary structure of
the repeats that does not have force-bearing bonds (Fig. 4 a).
We measured that 72% of the isolated repeats refold into
the force-bearing state with a characteristic time of ~0.5 s
(Fig. 4 b) within the timeframe of our simulations. Both
the proper folding fraction and the rate do not depend on
the bearing strength N of the repeats. When integrated
into a single multirepeat chain, successful refolding appears
to be slightly upregulated because nearly 78% of repeats in
the chains eventually refold properly within the simulated
timeframe of 6 s. The prevalence of proper folding supports
our choice of model parameters, although we could not find
any experimental measurements of the proportion of tran-
siently misfolded Fn repeats. However, the cycle of mechan-
ical unfolding and refolding of ubiquitin has been
investigated in more detail using force ramps. For this
system, a simple two-state model is consistent with the
folding kinetics under different force-clamp conditions
(43), whereas there are indications of the existence of at
least transiently misfolded states (43). This picture seems
consistent with our findings regarding the Fn-mimetic
repeats modeled here.Biophysical Journal 103(9) 1909–1918
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FIGURE 3 Mechanoregulated strengthening of
random fibers with interlaced comb structure
(m ¼ 11, n ¼ 6,Nmax ¼ 11, Ns ¼ 15) due to cryptic
sites; the results obtained for ordered fibers are not
significantly different. (a) Snapshot of the
extended fiber without cryptic sites; the fiber even-
tually ruptures. (b) Extensional test for a fiber with
strong cryptic sites, Nc ¼ 65 (both tests shown in
Movie S2). (c) Corresponding stress-strain curves
for various cryptic bonds’ bearing strengths; the
black full line is the experimental fit proposed by
Klotzsch et al. (14) upon pulling of actual Fn fibers
(in that work, the stress was actually measured reli-
ably up to only ε ¼ 450%). The dotted line marks
the extrapolated fit for which no experimental
evidence is available; the circled numbers refer
to the frame presented in panels a and b (note
that the last frame of each panel is truncated
on the right-hand side). Statistics were obtained
from 15 runs.
1914 Peleg et al.Next, we study the refolding kinetics of the stretched
molecular assemblies into fibrillar structures. After stretch-
ing the fibers under nonslip conditions, we observe that the
majority of repeats are misfolded upon relaxation (Fig. 4 a).
We note that when they are integrated into a fiber, the
misfolded repeats perdure within the simulated timeframe,Biophysical Journal 103(9) 1909–1918and only a vanishing small fraction of repeats eventually
stay unfolded under the chosen thermodynamic conditions.
Lateral crowding thus lowers the propensity of the repeats to
refold properly, without preventing the complete retraction
of the fibers, and the fraction of misfolded modules
increases with the cryptic interchain binding strength Nc.
a b
c
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FIGURE 4 Relaxation behavior of single
repeats, chains, and fibers. Unless otherwise
mentioned, the fibers are initially stretched as in
Fig. 2 to prevent chain sliding. (a) The folding
pathway of a repeat can lead to a properly
folded state or a misfolded state with the displayed
proportions. In chains (n ¼ 6) and fibers (m ¼ 11,
Ns ¼ 1), the repeats may also misfold or not refold
at all. (b) Characteristic time for a repeat to prop-
erly refold when isolated (gray horizontal line),
or built in chain and fiber, as a function of its posi-
tion in the assembly (symbols as in Fig. 3). For
each position we fit the fraction of folded repeat
as a function of time with a single-time exponential
function, as shown in the inset; as opposed to the
characteristic time, the plateau does not signifi-
cantly depend on the position in the assembly,
and gives the refolding statistics shown in panel
a. (c) Snapshots of an interlaced fiber’s relaxation
after being stretched as shown in Fig. 3. (d) Fiber
strain as a function of time corresponding to the
snapshots presented in panel c. Statistics were ob-
tained from 10 runs.
Fibers with Integrated Mechanochemical Switches 1915The refolding rate depends strongly on the position of the
repeat in the chain or the fiber. Repeats at the ends refold
faster than the repeats at the center (Fig. 4 b) because the
latter can refold only when larger segments have relaxed
and come together. The dynamics of refolding of single
chains can be readily described by a single exponential
(inset of Fig. 4 b) with time constants between 1 and 3s,in agreement with experiments (28). An exponential time
course is consistent with a memory-free Markovian process
in which the probability of unfolding at any given time
is independent of the previous history (43). Refolding
the repeats of fibers with strong cohesive cryptic bonds
(Nc ¼ 45) takes between 2 and 6s, and this characteristic
time appears to be slightly reduced for random fibers.Biophysical Journal 103(9) 1909–1918
1916 Peleg et al.Although fibrillogenesis and cryptic interactions thus
increase the tensile strength of fibrillar assemblies, we
also find that the fraction of transiently misfolded modules
increases with cohesive forces Nc within fibrils but
decreases with decreasing fiber thickness (Fig. 4). These
results have a major physiological significance: Because
Fn fibrils in the ECM have been reported with diameters
ranging from 20 nm to a few micrometers (49–51) (i.e.,
10–103 repeats per cross section), one would expect very
different fractions of misfolding between the thin and thick
fibers. Furthermore, we report for the first time, to our
knowledge, that a random arrangement of mechanically
strong and weak repeats within a fiber can reduce their char-
acteristic refolding times (Fig. 4).
For comparison with available experiments, we studied
the relaxation kinetics of fibers initially stretched to
e ¼ 400%. The strain-relaxation exhibits two different
kinetic regimes: at short times, the stretched permanent
bonds relax first, followed by the slow repeats’ refolding
and the reorganization of secondary structures. Such relax-
ation kinetics were also observed experimentally on Fn
fibers (14). For fibers with a moderate number of cryptic
interactions (here Nc%45), plastic deformations resulting
from the chains sliding during the initial stretch prevent
the fibers from recovering their initial length. Indeed, the
preconditioning strain of 400% is the typical onset of
yielding for fibers with weak cryptic bonds, as shown in
Fig. 3 c. For the same value of strain, experiments show
that the fiber recovers a length only 10% longer than its
rest length after ~10 s (14). Our model yields similar times
for Nc¼ 65, although the simulations do not allow us to wait
minutes for the full relaxation of the fiber to its initial rest
length. We note that the relaxed fiber in Fig. 4 c has a signif-
icant population of cryptic bonds. In a subsequent stretching
experiment (results not shown), these preexisting bonds did
not alter the nonlinear hardening of the stress-strain curve
that arose from extending the cryptic bonds, irrespective
of their prior state.CONCLUSIONS
Guided by the design of Fn, we developed a coarse-grained
model for fibers assembled from chains of repeats, each of
which consists of a mechanochemical switch. We parame-
trized our model using existing experiments at the single-
chain level (Fig. 1). With this parameter set, we were able
to correctly predict central physical features that were inde-
pendently and experimentally reported for the fibrillar
assemblies (Figs. 3 and 4). Consequently, this model allows
us to explore questions about how the design of Fn relates to
the fiber characteristics (Fig. 2)—questions that are still
difficult to address experimentally.
Using our model, we found that both yielding and
breakage of Fn fibers are strongly retarded by the presence
of cryptic sites that strengthen lateral interchain interactionsBiophysical Journal 103(9) 1909–1918upon stretching (Fig. 3). We found that the cryptic sites are
indeed responsible for the nonlinearity in the stress-strain
curve of the fibers, from soft to strain-hardened (Fig. 3).
Various cryptic sites may be involved in Fn fibrillogenesis
(52,53): 1), Fn has cryptic cysteines that can be exposed
by the unfolding of the FnIII7 and FnIII15 modules; 2),
single b-strands may bind and thereby extend the b-sheets
of the FnI and FnIII repeats (52,54); and 3), module unfold-
ing can expose hydrophobic residues that may also act as
cryptic sites (52). Furthermore, our fiber model predicts
for the first time, to our knowledge, that the breakage of
repeats does not follow the mechanical hierarchy of their
activation barriers when the forces that ensure the fiber’s
cohesion, such as surface (Ns) and cryptic (Nc) interactions,
are strong (Fig. 2). Gaining insights into the conservation or
loss of the repeats’ mechanical hierarchy in chains and
fibers has major implications for the functional properties
of such assemblies. For Fn and many other multidomain
proteins, the repeats often carry molecular recognition sites
for different partners (7). Deciphering the sequence by
which the repeats are unfolded and activated (or inactivated)
will help us understand how multimodular extra- or intracel-
lular proteins can be exploited by cells as mechanochemical
signal transducers to sense a large range of mechanical
strains, and determine whether some recognition sites are
activated or destroyed at a specific strain or are more grad-
ually affected by the strain.
The design principles described in this work can be gener-
alized to create both strong and tough polymeric materials, a
significant goal in the materials science community. Pre-
vious investigators synthesized polymer coils (2,15,55–57)
and foldamers (58) that resemble the globular structure
modeled here, and these units were subsequently cross-
linked into extensive networks (2,15,55–57). Much as in
our system, the intramolecular bonds (i.e., those within the
folded structures) were weak, labile bonds, and the intermo-
lecular bonds were taken to be strong bonds. Such biomi-
metic systems were shown to exhibit useful mechanical
properties (2,15,55–57). Our findings provide useful guide-
lines for optimizing the mechanical performance of such
synthetic, biomimetic systems.
Our model can be extended to describe other multidomain
extra- and intracellular proteins and their assemblies. For
example, one could represent the Ig domains of titin, which
form mechanically more stable b-sandwich motifs (59), by
choosing higher N values for labile bonds, thereby reflecting
the higher energy barrier that has to be overcome to destroy
their secondary structure. By deriving minimalistic models
that capture the essence of biological mechanochemical
signal converters, we can define the crucial functional units
and thus help chemists and synthetic biologists to engineer
de novo molecules whose functions are switched by
mechanical forces. This exciting field, which shows great
promise in the biomedical and engineering context, is still
in its infancy.
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